A dual-off-axis pumping scheme is presented to generate wavelength-tunable high-order Hermite-Gaussian (HG) modes in Yb:CaGdAlO 4 lasers. The mode and wavelength can be actively controlled by the off-axis displacements and pump power. The purities of the output HG modes are quantified by intensity distributions and the measured M 2 values. The highest order reaches m 15 for stable HG m;0 mode, and wavelength-tunable width is about 10 nm. Moreover, through externally converting the HG m;0 modes, the vortex beams carrying orbital angular momentum (OAM) with a large OAM-tunable range from 1ℏ to 15ℏ are produced. This work is effective for largely scaling the spectral and OAM tunable ranges of optical vortex beams. Vortex beams carrying orbital angular momentum (OAM) have drawn ever-increasing interest in recent years, giving rise to a wide range of applications such as optical communications [1,2], particle manipulation [3] , and quantum entanglement [4] . For the sake of scaling the application of high-capacity and multi-channel optical communications, researchers are currently pursuing the wavelength-and OAM-tunable vortex lasers with large spectral tunable range [5] [6] [7] [8] . Some approaches have been reported that use volume Bragg grating (VBG) [5] , metasurfaces [6] , wavelength division multiplexing (WDM) [7] , or intracavity polarization transformers [8] . However, these methods generally suffer from costly elements and complex structures. As an alternative method to effectively generate vortex beams, the π∕2 phase converter [9] [10] [11] or astigmatic mode converter (AMC) [12, 13] can convert a diagonally aligned Hermite-Gaussian (HG) mode into a Laguerre-Gaussian (LG) mode in a simple way with cost-saving structure (two cylindrical lenses). The generation of a wavelength-tunable vortex beam by using the converter has not been reported, to the best of our knowledge. Using a cylindrical lenses converter, a HG m;0 mode can be transferred into LG 0;m carrying mℏ OAM [9] [10] [11] . Therefore, a key process is generating wavelengthtunable HG m;0 modes. Off-axis diode pumping is a feasible method to produce controllable high-order modes in solid-state lasers [14, 15] and is free of complex modulating elements. The physical origin of high-order modes induced by off-axis pumping was experimentally and theoretically studied recently [16] [17] [18] . However, the spectral wavelength-tunable properties have never been reported for the off-axis pumping.
Vortex beams carrying orbital angular momentum (OAM) have drawn ever-increasing interest in recent years, giving rise to a wide range of applications such as optical communications [1, 2] , particle manipulation [3] , and quantum entanglement [4] . For the sake of scaling the application of high-capacity and multi-channel optical communications, researchers are currently pursuing the wavelength-and OAM-tunable vortex lasers with large spectral tunable range [5] [6] [7] [8] . Some approaches have been reported that use volume Bragg grating (VBG) [5] , metasurfaces [6] , wavelength division multiplexing (WDM) [7] , or intracavity polarization transformers [8] . However, these methods generally suffer from costly elements and complex structures. As an alternative method to effectively generate vortex beams, the π∕2 phase converter [9] [10] [11] or astigmatic mode converter (AMC) [12, 13] can convert a diagonally aligned Hermite-Gaussian (HG) mode into a Laguerre-Gaussian (LG) mode in a simple way with cost-saving structure (two cylindrical lenses). The generation of a wavelength-tunable vortex beam by using the converter has not been reported, to the best of our knowledge. Using a cylindrical lenses converter, a HG m;0 mode can be transferred into LG 0;m carrying mℏ OAM [9] [10] [11] . Therefore, a key process is generating wavelengthtunable HG m;0 modes. Off-axis diode pumping is a feasible method to produce controllable high-order modes in solid-state lasers [14, 15] and is free of complex modulating elements. The physical origin of high-order modes induced by off-axis pumping was experimentally and theoretically studied recently [16] [17] [18] . However, the spectral wavelength-tunable properties have never been reported for the off-axis pumping.
Yb:CaGdAlO 4 (Yb:CALGO), as a new laser crystal with outstanding optical properties [19] , has the broadest emission bandwidth ever discovered among Yb 3 -doped crystals [20, 21] . It has been used in high-efficiency and femtosecond lasers [22, 23] . In this Letter, we report the special tunable properties of an off-axis pumped Yb:CALGO laser system. Wavelength-tunable highorder HG modes are successfully generated in a Yb:CALGO laser with a plano-concave resonator. The mode order and wavelength can be actively controlled by the off-axis displacements and pump power. The purities of the HG modes are verified by experimentally measuring the intensity distributions and corresponding M 2 values. The feasible orders for stable HG m;0 mode range from m 0 to 15, and the wavelength-tunable range is about 10 nm. The vortex beams with OAM-tunable range from 1ℏ to 15ℏ are also obtained by a π∕2 converter.
The experimental setup is shown in Fig. 1(a) . A high-power 976 nm fiber-coupled laser diode (LD) (Han's TCS, core: 105 μm, NA: 0.22, highest power: 110 W) was used as the pump source. With two identical antireflective (AR) coated lenses with the focal length of 60 mm, the pump light was focused into a 2 mm × 2 mm × 4 mm a-cut Yb:CALGO (Altechna, 5 at. %) with the beam waist radius of 200 μm. The end surfaces of Yb:CALGO were AR coated at 940-1080 nm, which was wrapped with indium foil and conductively water cooled through a copper heat sink at the temperature of 18°C. Yb:CALGO is an uniaxial crystal with a space group of I 4 ∕mmmD 17 4h , and the crystal used in our experiment is a-cut (c axis is in vertical direction), thus the lasing polarization is a stable linear σ-polarized light [19] . The linear cavity included a plane mirror (DM 1 :AR at 976 nm and HR at 1030-1080 nm) and a concave output mirror (OC: transmittance is 2% at 1030-1080 nm; the radius of curvature is 300 mm). Another dichroic mirror (DM 2 :HR at 976 nm and AR at 1030-1080 nm) was used to filter the residual pump light. The broadband coating (1030-1080 nm) was designed to provide enough longitudinal mode gain competition for realizing the wavelength-tunable property. The positions of OC and Yb: CALGO can be precisely adjusted at horizontal and vertical directions (noted coordinate: x 1 , y 1 ; x 2 , y 2 ) with two highprecision displacement stages. In the experiment, the spectrum was measured by an optical spectrum analyzer (Agilent, 86140B); the laser power was measured by the thermopile power-meter head (Ophir, FL250A-LP1-DIF); the beam quality and mode field were measured by a beam quality analyzer with a CCD camera (Spiricon, M2-200s).
When the cavity was strictly coaxial, the threshold of TEM 0;0 (HG 0;0 ) output was 8.3 W. As the off-axis displacement of the OC, x 1 , was tuned to about 350 μm, 370 μm, and 380 μm and the pump power was increased accordingly, the HG 1;0 , HG 2;0 , and HG 3;0 modes were obtained, respectively. However, no further high-order modes were obtained when x 1 was continually increased. Analogously, HG m;0 modes along y axis (HG 0;1 , HG 0;2 , HG 0;3 ) were obtained by adjusting the off-axis displacement y 1 . Though HG 4;0 along horizontal and vertical directions did not appear, HG 4;0 along 45°diago-nal direction was obtained with x 1 ; y 1 ≈ 400 μm; 400 μm. Since we used the square-shaped crystal, the 45°diagonal direction has more space to form a higher-order mode than horizontal and vertical directions. This mode evolution principle is depicted in Fig. 1(b) with noted corresponding pump thresholds.
In order to verify the purities of these HG m;0 modes, the M 2 value of each mode was measured. Figs. 2(a)-2(d) [19] , since thermal effects always lead to unwanted mixed modes [24] . Although HG 4;0 mode was hardly obtained by the off-axis method, it can be produced with the dual-off-axis pumping method by setting the off-axis displacements of OC and crystal at about x 1 ; y 1 ; x 2 ; y 2 −420 μm; 0; −400 μm; 0, as shown in Fig. 2(e) .
Considering the broad emission bandwidth of Yb:CALGO and the broadband coating used in our experiment, the longitudinal mode gain competition should be very sensitive to the intracavity loss. The off-axis displacements can strongly influence the laser wavelength, manifesting an effective mechanism of wavelength tuning. The spectra of the aforementioned obtained HG m;0 modes were then experimentally measured, and, as expected, various HG m;0 modes were indeed wavelength dependent. From m 0 to 4, the central wavelength varied from 1060.4 nm to 1053.6 nm, as shown in Fig. 3 .
The main reasons limiting the mode order are the crystal aperture size and pump power [14] . Since our pump source can provide enough power, the main limitation in our experiment is the crystal aperture size. Due to the limitation by the crystal aperture effect, the HG m;0 m > 4 modes with higher orders could not be obtained in the above experiments. The crystal size was changed into 4 mm × 4 mm × 2 mm to eliminate aperture effect and make further investigations. As expected, a larger controllable range of orders from m 0 to 12 was produced in the OCoff-axis system, as illustrated in Fig. 4 . Similarly, the corresponding wavelength tuning range is from 1050 nm to 1060 nm. A good agreement between the theory and our experimental results are observed. The purities of HG m;0 modes slightly deteriorated when the order was increased to a higher level, which was induced by the increased thermal and aperture effects.
Hereinafter, we describe the wavelength-dependent effect of HG m;0 modes. The pump power was fixed at 36.9 W, and the off-axis displacement of x 1 was increased to generate HG m;0 modes. The spectrum evolution results are illustrated in Fig. 5(a) . When the output mode was HG 0;0 , the center wavelength was located at 1062.5 nm. The center wavelength was decreasing with the jx 1 j increasing. When jx 1 j was increased to about 300 μm, some peak-splitting shapes appeared. The peaksplitting spectrum gradually changed back into single-peak shape around the HG 4;0 mode state. The peak wavelength was then tuned from 1057.6 nm to 1054.8 nm and the mode order was increased from m 5 to 12 gradually. Actually, the pump power is another important factor to influence the output spectrum due to the gain competing. The peak-splitting spectrum can be avoided by adjusting the pump power. For example [ Fig. 5(b) ], when we increased the pump power to 39.5 W and decreased that to 34.4 W, the peak-splitting spectrum could both change to single-peak shape with center wavelengths of 1053.4 nm and 1060.8 nm, respectively, while the HG 1;0 mode was maintained. Therefore, the wavelengthtunable properties for HG m;0 modes can be realized via specially adjusting the off-axis displacements and pump power.
No HG m;0 modes with m > 12 could appear if we further increased the off-axis displacement of x 1 . However, we used the dual-off-axis method to scale the order of HG m;0 to m 15 along the 45°diagonal direction, as shown in Fig. 6 , which is the highest order we obtained in our experiment. The combined off-axis effects of OC and crystal helped the higher-order mode forming, because properly adjusting the pump-focus in crystal can compensate the intracavity loss induced by the crystal aperture.
Using a π∕2 converter outside the cavity, the diagonal HG m;0 modes were converted into corresponding LG 0;m vortex beams carrying mℏ OAM with Rayleigh lengths matching [11] . The π∕2 converter includes two identical convex-plane cylindrical lenses (focal length f f 1 f 2 25 mm) with separation of 35.4 mm ( ffiffi ffi 2 p f ). The OAMs were verified by the corresponding interferograms [9] . The theoretical and experimental mode fields are shown in Fig. 7 . The positive and negative values of OAM can be controlled by the inclined off-axis directions (45°or −45°), as Fig. 8 illustrates. Conclusively, we can actively control the OAMs among the range from 1ℏ to 15ℏ with wavelength-tunable width about 10 nm. Compared with a recent work in which an Er:YAG solid-state vortex beam was OAM and wavelength tunable by a VBG [5] with the OAMs range of 0; 1ℏ; 2ℏ and the wavelength-tunable width of 4.9 nm, our dual-off-axis-pumped Yb:CALGO system without any other modulating element provides more remarkable results.
In summary, we report a new method to generate wavelength-tunable HG modes in dual-off-axis pumped Yb:CALGO laser. The outstanding thermal-optical properties of Yb:CALGO ensure the purities of various HG m;0 modes and a good wavelength-tunable property, which have been experimentally verified. The mode orders can be actively controlled from m 0 to 15, and the wavelength can be tuned across a wide range of 10 nm by simply adjusting off-axis displacements and pump power. Using a π∕2 converter, the corresponding tunable vortex beam with a large OAM-tunable range from 1ℏ to 15ℏ was produced. The OAMs are verified by the corresponding interferograms, and there are good agreements between experimental and simulated results. This is the first demonstration of vortex beams in Yb:CALGO lasers, to the best of our knowledge. This work has great potential to be further applied in various wavelength-and OAM-tunable vortex beams and motivate novel researches. 
